Abstract-In this letter, a low-return-loss printed log-periodic dipole antenna (PLPDA) fed by a coaxial cable is presented. The widths of dipole elements are optimized to increase the bandwidth. A study of coaxial cable position is included in order to improve the antenna behavior. The measured return loss is lower than 15 dB from 2.1 to 4.3 GHz. The measured gain varies between 6 and 7 dBi. The measurements, including input impedance, gain and radiation patterns, and simulations are in agreement.
I. INTRODUCTION
L OG-PERIODIC dipole antennas (LPDAs) are widely used because of their frequency-independent radio electrical characteristics. This type of antenna was recommended at the beginning of the 1960s [1] . In [2] , Carrel demonstrates how to design an LPDA according to specifications in terms of bandwidth and directivity. For HF and VHF applications, there is no major practical limit for the use of such antennas. Nevertheless, at microwave frequencies, it seems more convenient to use printed technology in order to make it as accurate as possible.
In [3] , Campbell et al. demonstrate the design of a two-layer printed log-periodic dipole antenna (PLPDA) fed by a stripline conductor. The measured input impedance is in agreement with the simulation over 1-2-GHz range. Self-complementary structure can be employed for LPDAs. Due to their constant impedance properties, it allows very stable input impedance over a wide frequency range [4] , [5] . PLPDA could also be printed on both sides of the dielectric slab. In this configuration, every consecutive dipole element is printed on the opposite side of the substrate in order to have the required phase opposition for LPDA. Printed technology is very helpful to work on the antenna design for various optimizations such as size reduction [6] , [7] or gain improvement [8] enhancement [9] . In [6] , the simulated is under 15 dB between 1.8 and 4.25 GHz, whereas the measured return loss rises and achieves 10 dB. In [7] , the VSWR of a log-periodic Koch dipole antenna (LPKDA) is compared to the return loss of a Euclidean PLPDA. The measured VSWRs are lower than 2.35 ( 8 dB) between 2.05 and 3.2 GHz for both antennas. PLPDA input impedance is influenced not only by the antenna design, but also the feeding system. One of the most common ways to feed a PLPDA is to use a coaxial cable as described by Carrel for free-space LPDA [2] . On the one hand, the external shield of the cable is soldered to the boom printed on one side of the substrate. On the other hand, the inner conductor of the cable is connected to the opposite side of the boom directly through a hole drilled in the dielectric substrate. In this way, the antenna acts as its own balun, and wideband coverage can be achieved. Nevertheless, this technique modifies the antenna symmetry [10] , and the return loss is usually around 10 dB in the whole frequency band. Two types of feeding techniques are presented in [8] . The first is a balanced feeding system with a coaxial cable soldered along one antenna's side, and the second is a differential feeding system. In this case, a square patch is printed close to the smallest dipole element in order to solder an SMA connector that is used to connect a coaxial cable. The measured VSWR is maintained lower than 2 ( 9.5 dB). When the balanced feeding system is used, the VSWR is worse.
In this letter, a PLPDA designed for high-power microwave (HPM) applications is presented. The return loss of the antenna has to be very low (around 20 dB) in order to limit energy back to the power generator. It is placed over a ground plane and fed by a coaxial cable. The position of the cable and the scale factor of the antenna are optimized to improve the return-loss level and the bandwidth. A set of measurements including , gain, and radiation patterns is presented and compared to simulation.
II. ANTENNA DESIGN
The proposed PLPDA is designed to operate between 2 and 4 GHz. As depicted in Fig. 1 , the antenna is printed on a dielectric substrate and fed with a cable and placed over a ground plane (30 30 cm ). The size of the ground plane is intentionally high because the presented PLPDA will be further included in an antenna array. The ground plane protects electrical devices associated with the antenna. Used coaxial cable is provided by Huber and Suhner (SM 141). Owing to its flexibility, no additional mechanical support is needed to maintain the antenna in appropriate position. The cable is also low-loss, and its power handling is more than 200 W (CW) up to 4 GHz. The distance between the coaxial cable placed in parallel with the antenna's boom is called . The feeding point of the antenna was designed 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. very cautiously-the outer conductor of the coaxial cable is soldered on one side of the antenna, and the inner conductor of the coaxial cable runs through the substrate via a drilled hole and is soldered to the other side of the antenna. In order to solder the copper shield of the cable properly, a small rectangular patch has been placed ( mm, mm, and mm) at the top of the antenna, which means it is fed differentially. The other side of the cable is soldered to a copper ring that is screwed in the ground plane. An SMA connector is then soldered to the cable to feed the antenna under the ground plane.
The antenna (see Fig. 2 ) is printed on a NELTEC dielectric substrate (NX9300) with and a thickness equal to 0.8 mm. According to [2] , when scale and spacing factors are equal to 0.824 and 0.146, respectively, the expected gain is 8 dBi, and the bandwidth is [2-4 GHz] with eight dipoles. In this case, the total height of the antenna is 98 mm, which exceeds our dimensional constraint. To lower this length to 85 mm, the smallest and the longest dipoles are removed. This leads to the decreasing of the frequency bandwidth of the antenna. In order to extend the upper part of the bandwidth, the lengths of the dipoles are adjusted. The length of the longest dipole is now 54 mm instead of 63 mm before modifications. Based on the length of the longest dipole, the lengths of other dipoles are calculated using the procedure given in [2] . In order to reduce the width of the antenna, the longest dipole can be folded. The lengths and widths are and , respectively. and represent the dimensions of the longest dipole. Distances between dipoles are (see Fig. 2 ). The scale factor is applied to determine the element's sizes as follows: -; ; -; ; -; ; . The dipoles printed on back of the substrate are dotted in Fig. 2 . We also point out that on the back of the printed circuit, the boom line continues up to the hole, so there is no rectangular patch needed.
Design details of the proposed antenna are shown in Fig. 2 .
III. RESULTS AND DISCUSSION

A. Antenna Optimization
The whole structure has been designed and simulated with the electromagnetic software CST Microwave Studio 2013. The design includes the PLPDA, the coaxial cable (designed following Huber and Suhner data sheet specifications), and the ground plane. The length of the coaxial cable under the ground plane is 5 cm, and 12 cm on the antenna's side of the ground plane. The first step of the optimization is focused on the versus , the distance between the cable and the substrate. In this first part, as mentioned in Section II, mm, , and the spacing factor is equal to 0.146. Dimensions of the antenna are those provided in Table I . The parameter is presented in Fig. 3 for three values of the parameter . When , the coaxial cable is placed on the antenna's boom in a balanced configuration [2] . There is an electrical contact between the outer conductor of the cable and the boom. In this first configuration, the return loss grows to 9.1 and 8.8 dB at 2.7 and 3.36 GHz. Simulations lead to an close to 20 dB between 2.1 and 3.5 GHz when is equal to 20 mm. This optimization demonstrates that by moving apart the cable from the antenna substrate, the return loss becomes lower. Fig. 4 highlights that when , current among the outer conductor of the cable disrupts the current distribution of the antenna's dipoles. In a conventional design such as Carrel's, the scale factor is the same for the width and the length of dipoles and the distance between dipoles. In the second step of optimization, we have calculated the versus , where is a scale factor used only for the width of the dipoles. For the other parameters (length of dipoles and distance between them), scale factor is the same and equal to 0.824. In Fig. 5 , we notice that the bandwidth and level vary versus . As a result, when , the return loss is close to 20 dB in the frequency range 2.16-3.9 GHz and lower than 15 dB up to 4.25 GHz. In Table II , we have summarized the complete set of dimensions of the optimized PLPDA simulated with and mm. We highlight the fact that the total height ( ) and the width ( ) of the optimized antenna are 79.5 and 46 mm, respectively. The total height of the antenna is equal to 83.5 mm, including the distance (4 mm) between the ground plane and the top of the antenna.
B. Measurements and Simulations Results
The optimized antenna has been manufactured and measured. Measurement of return loss is shown in Fig. 6 . The antenna was measured in an anechoic chamber in order to prevent parasitic reflection. Hence, the environment can be considered the same as in simulation. As depicted in Fig. 5 , simulations and measurements are in agreement. The is lower than 15 dB between 2.1 and 4.3 GHz. Moreover, we notice that the measured return loss is close to 20 dB in a large part of the frequency band. Despite the frequency bandwidth coverage being as wide as expected, the number of dipole elements is limited to six instead of eight as recommended by Carrel [2] .
In Fig. 7 , the simulated and measured gains are shown. The measured gain starts from 5 dBi at 2 GHz up to 8 dBi at 3.75 GHz. In the main part of the bandwidth, the gain varies between 6 and 7 dBi. The theoretical and the measurement results are in agreement. Fig. 8 depicts the radiation patterns for both E-plane and H-plane. To clarify, in the E-plane ( ), E-and E-are the copolarization and cross-polarization components, respectively. In the H-plane (
), E-is the copolarization component, whereas E-is the cross-polarization one. The copolarization simulations and measurements are in agreement for all frequencies. The 3-dB beamwidth varies from 74 up to 86 and from 100 to 102 in the E-plane and H-plane, respectively. The front-to-back ratio is better than 10 dB for the overall frequency band due to the antenna design and the size of the ground plane, which is 30 30 cm. The cross-polarization component measured in the H-plane of the antenna is higher than the one measured in the E-plane. However, all values are lower than 10 dB compared to the copolarization component for all frequencies.
IV. CONCLUSION
The design of printed log-periodic dipole antenna presented in this letter was obtained with two optimizations in order to allow a low return loss on a wide frequency range. It should be noted that the antenna is also size-reduced-in fact, the height of the antenna proposed in this letter is 83.5 mm instead of 98 mm for an antenna designed using Carrel procedure. The antenna is fed by a coaxial cable, and the distance between this cable and the antenna has been optimized. An appropriate scale factor used for the width of dipoles has also been determined. As a result, the measured return loss is close to 20 dB between 2.2 and 3.9 GHz. The gain of this optimized antenna varies from 6 to 7 dBi. Theoretical results and measurements are satisfactory for all the significant parameters of the antenna. With the results described in this letter, we consider that this antenna should be a good candidate for high-power applications.
